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Porous carbon derived from an inorganic silicon carbide (SiC) precursor, termed 
SiC-derived carbon, is an attractive material for electrochemical energy storage 
applications, including electrodes for electrical double layer capacitors (EDLCs). The 
objective of this thesis is to investigate the effects that the carbide-derived carbon (CDC) 
microstructure and pore structure have on the energy and power characteristics of the 
EDLC electrodes.  
Conventional SiC CDC is produced from non-porous crystalline SiC powder at 
temperatures above 800 °C. Here we studied the performance of SiC CDCs produced by 
chlorination at 700-900 °C of an ordered mesoporous SiC precursor, which was 
synthesized via a 1000 °C pyrolysis of polycarbosilane infiltrated into an SBA-15 silica 
template having ordered mesopores. The SiC CDC was purified from chlorine impurities 
by annealing in ammonia. The surface area and pore size of the purified SiC CDC was 
characterized via N2 and CO2 sorption using density functional theory (DFT) and  
Brunnauer, Emmet, and Teller (BET) theory. The specific apacitance, power and energy 
densities were characterized via electrochemical measur ments of the SiC CDC 
electrodes in 1 M tetraethylammonium tetrafluoroborate (TEABF4) acetonitrile solution. 
The SiC CDC exhibited a specific surface area (SSA) in excess of 2400 m2/g and 
gravimetric capacitance values of up to ~ 150 F/g, among the highest ever reported for 
any electrodes in this electrolyte. The ordered mesopores allowed for fast ion transport 
within each particle, resulting in excellent capacity retention under high current rates and 
ultra-fast frequency response, thus allowing for extremely high power and energy 
 xviii  
densities. The best overall performance was achieved in SiC CDC samples chlorinated at 










In recent times the population of the United States ha  felt the burden of 
increasing costs of hydrocarbon fuels. On a larger scale, discussions in regard to the 
adverse effects of heavy reliance on hydrocarbon fuels and the world’s dependency on 
them have become more and more prevalent. The World Energy Outlook 2004 projects 
that by the year 2060 the world’s energy demand will increase by 60% (1). The ability to 
mediate these developing problems lays in the development of technologies to alleviate 
the reliance on hydrocarbon fuels. 
 Developing countries are demanding increasing amounts of energy for 
transportation and industrial needs.  In addition, consumers are demanding more and 
more energy and power from electronic devices and electrical machines. For instance, 
hybrid electric vehicles (HEV) are seeing increased power demands from consumers. 
Increasing energy usage at home results in problems of power quality and level 
maintenance. Maintaining the voltage levels and preventing what is known as voltage 
sags has been found to be the most common electrical disturbance in distribution systems 
(2). Electrochemical capacitor banks can provide the power necessary to alleviate these 
problems (3, 4).  
Electrochemical capacitors are energy storage devices akin to a hybrid between 
batteries and capacitors. Their performance can be compared to other energy systems via 




Figure. 1.1. Ragone plot comparing energy and power performance for a variety of 
systems (5). 
 
produced by several companies including Maxwell technologies (US), ESMA (Russia), 
Elit (Russia), Tavrima (Canada), Panasonic (Japan), Ness Capacitor (South Korea), 
Epcos (South Korea), LG (South Korea), Samsung (South Korea) and others. The ability 
of electrochemical capacitors to provide a combinatio  of high energy and power 
densities (figure 1.1) opens a broad range of applications. A cost comparison of dollars 
per kilojoule ($/kJ) in 2001 suggests that while batteries can provide energy at nearly 
thirteen times lower cost per kJ than an electrochemical capacitor, the power (energy 
delivered per unit time) of batteries can be at least three times more expensive nor can it 
provide the necessary power for many applications (6). 
Lowering the cost of electrochemical capacitors or enhancing their power and 
energy characteristics will lead to the enhancement of the lives of individuals around the 
world and improve the health of our environment. Future and current applications, which 
will benefit from these enhancements, include memory backup, energy efficient hybrid 
engines, electric vehicles, high power electric tools, power quality, and many others. 
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Many of these applications are currently feasible yet are stymied by the high costs of 
electrochemical capacitors, especially, electrochemical capacitors with higher energy 
densities, which employ ruthenium oxide. Through continued research and investigation 
of low-cost synthesis methods and materials these costs are expected to drop and 
facilitate the incorporation of electrochemical capacitors into many commercial and 
military technologies (7). Continued research will improve the understanding of 
underlying chemical and physical operation principles and allow for significant 
improvements in device performance. By distributing the energy and power storage 
demands of the world to a variety of technologies, such as fuel cells, batteries, flywheels 
and electrochemical capacitors, the world’s energy problems can be mitigated and global 
energy sustainability can be improved. 
1.2 The History of Electrochemical Capacitors 
 In 1957 Becker patented an energy storage device bas d on a porous carbon 
utilizing an aqueous electrolyte, an electrochemical capacitor (8). In 1966 the Sohio 
Corporation in Cleveland, Ohio created a similar devic  utilizing a non-aqueous solution 
that permitted for higher operating voltages and thus igher energy densities (9). In 1971 
Trasatti et al reported the interesting capacitance performance of an expensive metal 
oxide, ruthenium oxide(10).  In 1975 B. E. Conway used faradaic reactions and the 
potential dependence of electrochemical adsorption of monolayers of base metals such as 
lead, bismuth, and copper on noble metals and the redox reactions associated with 
ruthenium oxide in sulfuric acid to create significantly higher energy density 
electrochemical capacitors as compared to that design d by Becker’s carbon 
electrochemical capacitor (11). 
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Becker's technology and that of those who followed him relied on a physical 
phenomenon that was first modeled half a century ealier by Hermann von Helmholtz 
(12). These storage devices are now known as electrochemial capacitors, 
supercapacitors and ultracapacitors. The mechanism allowing for their energy storage is 
that of the double layer or the double layer combined with surface redox reactions (in 
aqueous solutions and mostly with metal oxides). The double layer arises in all 
solid/electrolyte interfaces and phase boundaries btween two immiscible electrolyte 
solutions.  
Helmholtz modeled the distribution of ions near thesurface of the electrode. His 
model described charge on one side of the electrode separated by several nanometers 
from the opposing charges provided by the dense layr of solution ions in which the 
electrode is immersed. The foundation for this model lay in the operating principles of 
the parallel plate capacitor. In actuality the phenomenon of charge storage at a surface 
was not new in Helmholtz’s time, either. Static charge on the face of amber was 
acknowledged during ancient times and the scientific studies from that era to modern 
times were necessary to decipher the mechanisms underlyi g the operation of 
electrochemical capacitors. Studies had to be undertaken in the molecular theory of 
electricity, the electron theory of metals, solvation, diffusion, and electrical and ionic 
conduction. The major bodies of work to uncover these mechanisms entailed the research 
of Michael Faraday, Joseph John Thompson, and Robert Andrews Millikan. Through 
their work our understanding of parallel plate capacitors and the Leyden jar was made 
possible. The Leyden jar, attributed to Ewald Jurgens von Kleist and Pieter van 
Musschenbroek from Leyden, was a glass jar in which was an aqueous electrolyte that 
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had an immersed electrode and on the outside a metal foil. The jar allowed for charge 
storage and separation via a glass dielectric. It was later known as a “condenser,” and 
finally as a capacitor. With time other dielectrics were used such as air, vacuum, 
polystyrene, mica and many other materials.  
Following the original work of Helmholtz, Gouy and Chapman had considered 
that the thermal motion of the ions in solution would lead to a diffuse layer of adsorbed 
ions, rather than a dense layer as described in Helmholtz’s original treatise. After Gouy 
and Chapman’s work, Stern then provided a modificaton that took into account the fact 
that ions in solution are not ideal point charges and llowed them to have volume. As a 
result, the center of the ions resided at a distance from the metal (electrode) surface while 
utilizing the distribution modeled by Gouy and Chapman. The last fundamental 
modification to this developed theory was made by Grahame in 1947. Grahame used the 
information gained from studying the structure of the electrolyte to elucidate that the 
metal/solution interaction leads to different planes of closest approach for the ions 
depending on their solvation-state and surface interac ion. This finalized the Gouy-
Chapman-Stern-Grahame model of the electrical double layer. The qualitative model 
most accepted for the description of this phenomenon. As time progressed, further 
enhancements were made by theoreticians to adjust for realizations made with time that 
were not available to the ground-breaking researchers who came before them. It is worth 
noting that in many instances technology comes before a deep understanding of theory is 
available, but in the case of electrochemical capacitors, it was the theory that propagated 
the advancement and proliferation of the technology (11).  
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1.3 Principles of Operation 
The following sections provide a description of thephysical processes underlying 
the operation of electrochemical capacitors. Since the inspiration for the model given by 
Helmholtz came from the understanding of parallel-pate capacitors, or electrostatic 
solid-state capacitors, that technology will be used as a starting point for the explanation 
of electrochemical capacitor operation. 
1.3.1 Parallel-Plate Capacitors 
The most common electrostatic capacitors are generally constructed out of two 
metal plates, separated by vacuum or dielectric materials, such as air, water, barium 
titanate, and silicon dioxide (13). Figure 1.2 shows a simplified response of the dielectric 
material and a generalized setup for a solid-state p rallel-plate capacitor under bias. 
 
Figure 1.2. Solid-state capacitor (14). 
When the bias is removed, the charge/energy is stored, and upon closing of the 
circuit the energy is released, mainly in the form of electric current flow. The ability of 
the system to store charge upon application of a potential is a measure of its capacitance 
(not to be mistaken for a battery’s ability to store charge – known as capacity).  
Capacitance (C) is defined as follows 
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(1.2)     (farads) 










Q is the amount of charge (coulombs) on one plate and V (volts) is the potential 
difference applied to the two plates. The unit of capacitance is a farad which is equivalent 
to coulombs per volt. The capacitance can also be det rmined by the area of the plates 
(A), multiplied by the relative dielectric constant (ϵr, unitless), also known as the relative 
static permittivity of the material between the plates. This is multiplied by the 
permittivity of free space (ϵ0 - 8.85x10
-12 F/m based on using meters for the plate 
distance and area),  divided by the distance between th  plates (d). The key factors for 
performance control in such a device are the distance between the plates, the dielectric 
constant, and the area of the plates (11, 12). The relative permittivity factor represents the 
ability of the material to transmit an electric field and is affected by the behavior of the 
material under a polarizing field (11). As the materi l is subjected to the electric field, it 
has several polarization mechanisms that may take place, which include electronic, ionic, 
dipolar, and space charge polarizations. These mechanisms are frequency dependent (see 
figure 1.3) and may be pronounced in different amounts in different materials, for 




Figure 1.3. Polarization mechanisms and their frequency dependence (15). 
Electronic refers to the displacement of the electronic cloud relative to the positive core. 
Atomic refers to separation of positive and negative ions with respect to one and other. 
Orientational involves the alignment of dipoles with the electric field. Finally, space 
charge involves the presence of charges impeded by interfaces, or trapped in the material. 
These polarization mechanisms result in the storage of energy in the dielectric material, 
resulting in an increase in the capacitance of the device employing them (16).  
Capacitance accounts for the different energy storage mechanisms taking place, 
and can be used when calculating the total energy stored. It is possible to derive an 
expression for the free energy of an electrode by considering that as the capacitor is 
charged, more and more of the same charges are brought to the electrode plates and are 
experiencing increasingly repulsive forces. Through Coulomb’s law (employing the 
dielectric constant) it can be seen that 
(1.4)     
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The force F (Newtons) is the repulsive force felt by the (same sign) charges Q1 and Q2 
(coulombs), which are separated by distance r. G (Joules) is the Gibbs free energy 
available from this interaction. As the capacitor is charged, charges of the same sign are 
added to the same plate, which repel one and other. This increases the energy of the 
system. By considering a fraction λ of the total charge q (ultimately reaching λ=1), we 
can perceive the plates as being charged progressively with λq. Now if we consider an 
infinitesimal charge δq added to the electrode, we can calculate the incrmental increase 
of free energy in the electrode dG by considering that he potential energy added to the 
system under a potential V to a charge q is qV, and that V can be found by dividing the 









(1.7)             qd   
(1.6)                       




















1.3.2 Electrochemical Capacitors 
 Electrochemical capacitors are known as supercapacitors, ultracapacitors, and 
several other names originating from their military nd commercial applications (17, 18). 
They consist of electrical contacts (also called current collectors, shown in figure 1.4 as 
grey metallic plates on the left and right sides of the electrochemical capacitor) upon 
which active electrode material is placed. The conventional device is symmetric and the 
two current collector – electrode modules are separated by a membrane. The membrane 
(shown as a semi-transparent block in the center of the capacitor in figure 1.4) prevents 
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electrical shorting but allows ion migration (see figure 1.4). The electrode assembly is 
immersed in a solution of electrolyte ions. Upon application of a potential, positive ions 
move towards the negative electrode and negative ions t wards the positive electrode, 
adsorbing on the internal surface of the active materi l particles (figure 1.4).  
 
Figure 1.4. Schematic of electrochemical capacitor. 
The research initiatives in the electrochemical capa itor field mainly focus on the 
electrode material, the electrolyte solution, which could be aqueous, organic, and/or ionic 
liquid and the separator materials, which are often made of cellulose, Teflon, or other 
polymers (19). The electrolyte employed is generally the limiting constraint of the 
voltage operation limit of the device, although, unwa ted redox reactions of the electrode 
material may be the cause in some instances. In addition, the conductivity of the 
electrolyte can have a significant impact on the power performance of the device. Most 
electrochemical capacitors operate between 1 to 5 vlts (20, 21). Table 1.1 lists some 
properties of electrolytes used in electrochemical capacitors. Electrochemical capacitors 
are traditionally categorized into two different types, electrical double layer capacitors 
(EDLC) and pseudocapacitive capacitors (11).  
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Table 1.1. Comparison of electrochemical capacitor electrolytes. 
Electrolyte System Pros Cons 
Aqueous Non-toxic potential, low-
cost, high energy density 
faradaic reactions 
Low operating potential 
limit  < 1 V, highly studied 
sulfuric acid solution 
considered unsafe 
Organic Higher operation potential 
~2.5 V, high power possible 
Lower energy density, 
flammable, toxic, moisture 
sensitivity 
Ionic Liquid High operating voltage (up 
to 5 V), easy handling, 
reduced flammability 





Figure 1.5. Schematic of typical electrochemical capacitor charge/discharge (22) 1 – 
ideal capacitor, 2 – capacitor with resistance, 3 – non-ideal capacitor. 
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Figure 1.5 shows the general characteristics observed by electrochemical 
capacitors in cyclic voltammograms. If the following equations are considered it can be 
seen why a rectangular shape is expected from ideal cap citors. 
(1.10)    
(1.9)                  

















C is the capacitance (F), dq is the differential charge (Coulomb), dv is the differential 
potential change (V), dt is the differential time change (sec), and I is the current (amps). 
If the sweep rate (dv/dt) is kept constant, and the capacitance is independent of voltage, 
then the current response should also remain constant throughout the 
charging/discharging process, and maintained at the same level for both charge and 
discharge (see 1 in figure 1.5). If the capacitor is non-ideal and a resistance is present (R), 
a dependency of the current (I) on potential (V), such as the one seen in ohm’s law 
(1.11)   IRV =  
would account for the linear increase in current as the potential is increased, and decrease 
when the potential is decreased (see 2 in figure 1.5). The peaks which might appear in a 
non-ideal capacitor (see 3 in figure 1.5) are due to individual oxidation and reduction 
peaks, which cause a large deviation in charge (current) exchange. The voltammogram 
(figure 1.5) often has a mirror image response, which is representative of the high 
reversibility afforded by electrochemical capacitors. It can also be seen that as the 
direction of sweep is changed, there should be an immediate reversal of the current 
direction according to equation 1.10. The mirror-image symmetry is maintained as long 
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as there are no diffusion controlled processes. In the last case different potentials might 
be required for the anodic and cathodic currents to equalize, and the appropriate diffusion 
gradients need to be taken into account to predict the shape of the voltammogram (11). 
The energy and power densities are two of the most important characteristics of 
electrochemical capacitors. Energy density is a measur  of the amount of charge/energy 
storage a capacitor is able to hold per mass/volume of electrode material. Power density 
is a measure of the rate at which stored energy can be delivered. The power density 
depends on both the energy density and the time or frequency response of an 
electrochemical capacitor. The faster the capacitor an be charged/discharged the higher 
the power response. Table 1.2 compares standard performance characteristics of solid-
state capacitors, electrochemical capacitors, and bttery systems. 
Table 1.2. Comparison of Standard Energy Storage Systems (23). 




Charge Time 1 to 5 hrs 0.3 to 30 sec 10-3 to 10-6 sec 
Discharge Time 0.3 to 3 hrs 0.3 to 30 sec 10-3 to 10-6 sec 
Energy density 
(Wh/Kg) 
10 to 100 1 to 10 <0.1 
Cycle Life 1000 >500000 >500000 
Power density 
(W/Kg) 
>100 >1000 >10000 
 
1.3.3 Electrical Double Layer Capacitors 
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 The term double layer was coined by Helmholtz in 1857 (24). When a conductor 
is placed in a solution of ions and a potential bias is applied electric charge resides on one 
side of the electrode and ions (of the opposing charge) adsorb on the other side 
(electrolyte side) of the metal-solution interface (s e figure 1.4), thus termed the double 
layer. This occurs at the opposing electrode, with the sign of the charges reversed (11). 
This means that for symmetric, commercial EDLC two capacitors are operating in series 
(since there are two electrodes), which results in an approximate halving of the 
capacitance as compared to a single electrode’s capacit nce. The solution ions in an ideal 
EDLC are adsorbed onto the surface and do not involve any chemical reactions (Faradaic 
reactions), such as those that take place in a battery. This allows for a significantly larger 
number of charge/discharge cycles (>500,000) compared to popular battery systems 
(<1000) (12, 25). Figure 1.6a is a schematic demonstrating the double layer concept as 
modeled by Helmholtz. Over time other scientists have modified this model to better 
explain the distribution of ions relative to the electrode surface, as seen in figure 1.6b 
(26-30). 
 
Figure 1.6. (a) Schematic of the model proposed by Helmholtz (b) Schematic of the Guy-
Chapman-Stern model (1). 
a) b) 
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Since the total capacitance largely depends on the surface area, commercial 
EDLC commonly employ conductive, high-surface area m terials, such as porous 
carbons with well developed porosity, for example activ ted carbons. These high-area 
carbons can be made of inexpensive materials such as coconut shells, corn, sugars, and 
other precursors such as polyacrylonitrile, penolic resin, petroleum coke, anthracite, 
pitch, and coal (31-38). The activation process is generally divided into two categories: 
thermal/physical or chemical. The first step in producing activated carbons in both 
categories involves carbonization of a precursor (removal of non-carbon species by 
thermal decomposition in an inert atmosphere). The second step is different for both 
categories. Thermally produced activated carbons requir  gasification - development of 
porosity by partial etching of carbon during annealing with an oxidizing agent, such as 
CO2, H2O, or a mixture of agents at moderate temperatures (b low 400 °C). Production 
of activated carbons by chemical activation generally involves the reaction of the 
resulting carbon with a chemical reagent (KOH, ZnCl2, H3PO4, H2SO4) at elevated 
temperatures (above  500 °C) (39-41). The purpose of the second step is to oxidize and 
remove part of the carbon, thus leaving pores and increasing the surface-area up to ~ 
3000 m2/g. Activated carbons having surface areas in excess of  2000 m2 / g have 
demonstrated capacitance of up to 300 F/g in aqueous lectrolytes (1, 21, 42, 43).  
The activation process does not result in a tight pore size distribution, which 
makes it hard to study the effect of pore size on electrochemical performance (44). 
Additional carbons being studied as electrode materials for electrochemical capacitors 
include templated carbons (45-47), carbon nanotubes (48-50), nanodiamonds (50), cloths 
(51), fibers (51), and other high area carbons, including CDCs (50-53). Different 
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structures and morpohology provide different performance characteristics. These 
differences are due to several parameteres, including pore sizes, pore shapes, crystal 
structure, and particle sizes. For instance, a highsurface area of activated carbons leads to 
an increased specific capacitance, but the complex ore structure entailing bottleneck 
pores may significantly hamper the frequency respone of the EDLC based on activated 
carbons and allow for modest power density characteistics. Carbon onions and multi-
walled carbon nanotubes (MWCNT) have lower surface reas than the high capacitance 
activated carbons, but their open pore structures allow for much faster charging and 
discharging, leading to better power performance (50). In addition, the high electrical 
conductivity of  MWCNT, as compared to activated carbons, facilitates further increase 
in power density (43). However, the gravimetric capacitance of MWCNT and carbon 
blacks is generally <50 F/g, while the capacitance of activated carbons and templated 
carbons can reach 300 F/g (54). Templated carbons (45-47), with a template-determined 
porosity may offer a combination of high capacitance and good frequency response, thus 
leading to high energy and power density.  
Until recently it was believed that the pore size should be on the order of two to 
three times larger than the size of the solvated ion in order to utilize the surface area of 
those pores (55, 56). New evidence reported by Chmiola et. al. demonstrated that sub-
nanometer pore sizes, which are attainable through templated carbons and CDC, can lead 
to higher capacitances than those achieved by activated carbons (57-59). 
1.3.4 Pseudocapacitors 
Significantly higher capacitances are attained if use is made of electrochemical 
reactions such as those obtained by employing metal oxides in aqueous electrolytes. The 
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energy storage mechanism, titled pseudocapacitance, is attributed to fast and highly 
reversible surface chemical (faradaic) reactions. I reality reactions are not completely 
reversible, not necessarily limited to the surface nd result in faster capacitance fading, 
meaning cyclability is not as high as compared to double layer capacitors employing 
carbon. These charge transfer reactions, no matter their limitation to the surface and 
cyclability, store a significantly larger amount of energy in the electrode, as compared to 
the ion physisorption taking place in double layer capacitors (11, 51). Unlike the 3D bulk 
reactions which transpire in battery chemical reactions, it is mostly accepted that the 
reversible reactions occurring in pseudocapacitors are 2D, and do not entail a phase 
change (48, 60). In addition, many of the reactions at the surface of a pseudocapacitor 
take place over a range of potentials and faradaic pro esses, unlike the pronounced 
individual faradaic peaks that occur in batteries (11). This results in the pseudocapacitor 
voltammogram having a fairly potential independent current response (61). Figure 1.7 
shows the contrast between batteries and electrochemi al capacitors via examination of 
their voltammograms (11). Figure 1.7a shows the current-voltage (referenced to the 
reversible hydrogen electrode) response curve for an electrochemical capacitor (in this 
case ruthenium oxide), and figure 1.7b shows a typical response curve for a battery 
(lead/lead chloride). The electrochemical capacitor I-V curve shows a mirror-image 
response for the different sweep directions (typical of capacitor systems), and an almost 
immediate reversal of current upon direction change. Although not illustrated in this 
voltammogram, the capacitance of this metal oxide do s not display a strong dependence 
on voltage sweep rate. In some electrochemical capacitors the presence of micropores 
and large diffusion distances are expected to result in a sweep rate dependence for the 
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capacitance (62). The battery on the other hand, does not show a mirror image 
voltammogram (figure 1.7b), does not change current direction immediately, and requires 
significant overvoltages in both sweep directions resulting in a separation of the oxidation 
and reduction peaks. The semi-rectangle formed by the pseudocapacitor I-V curve (figure 
1.7a) is attributed to multiple redox reactions occurring over varying potential ranges that 
result in a fairly constant charging current at a constant sweep rate (11). 
 
Figure 1.7. Typical cyclic voltammograms of (a) supercapacitors and (b) batteries (11). 
The power density of electrochemical capacitors is inversely related to their 
resistance (63). The energy density increase provided by metal oxides usually comes with 
a cost in power density since there is a dependence o  the slower faradaic reactions and 
metal oxides have low conductivity, which reduces the power density of the 
electrochemical capacitor as compared to carbon-based electrochemical EDLC. As a 
result, commercial pseudocapacitors are constructed using the expensive ruthenium 
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oxide, which is fairly conductive for a metal oxide. Thus far, most research efforts have 
focused on ruthenium oxide, iridium oxide, and manganese oxide (64, 65). 
Research into the mechanisms involved in metal oxides, such as ruthenium oxide 
has resulted in some mechanism suggestions (chemisorption reaction described below), 
but research into the field continues (11, 66). Thesuggested chemical reactions for RuO2, 
which may be similar to the mechanisms in MnO2 and IrO2 is (60, 66) (forward for 




In aqueous solution, on the cathode side, a proton approaches the surface of the 
ruthenium oxide electrode, and when a potential is applied, an electron is accepted. 
Hydrogen is then chemisorbed onto the surface of ruthenium oxide. On the anode side, a 
lower oxidation state is more energetically favorable to participate at which point a 
proton can be released, and an electron along with it. 
The morphology and crystal structure of the metal oxide in use has been 
demonstrated to be of extreme importance. There appars to be magnitude differences in 
energy and power density when ruthenium oxides and manganese oxides are in a 
hydrated amorphous state, as compared to their non-hydrated crystalline state (61, 67). In 
addition, since pseudocapacitance is primarily attribu ed to surface reactions, it is 
reasonable to expect that an increase in the surface area of the metal oxide will result in 
an increase in capacitance, as is seen in the case of hydrated amorphous ruthenium oxide 





















been reports of diffusion into particles, also know as intercalation. Such reports involved 
hydrated amorphous ruthenium oxide and hydrated amorphous manganese oxide (in 
which charging remained reversible and did not entail a phase change), and demonstrated 
that energy and power density had a dependency on particle size (61, 67). 
A group of materials that are of great interest for pseudocapacitors are conducting 
polymers. The most studied conductive polymers are polythiophene, polypyrrole, and 
polyaniline (22, 68-72). The storage mechanism is that of doping and on discharge de-
doping of the polymer backbone. Like some of the metal oxides, cyclability is hampered 
due to some irreversible side-effects of this mechanism such as structural instability.  
1.4 Cell construction 
The construction and design of the electrochemical capacitor can cause variations 
in the electrochemical performance. For instance, inaccessibility to solution, bad 
interfacial contacts, thermal management and more issues can arise due to incorrect 
design. Commercial devices have several common designs including spiral wound and 
monoblocks (73, 74). The spiral-wound design is very similar to standard battery 
production methods and the monoblock design entails cel  that consist of many positive 
and negative electrodes in parallel in order to increase the available cross-sectional area. 




Figure 1.8. Schematic view of a Panasonic EDLC (74). 
 
Figure 1.9. Cross-section of monoblock EDLC (73). 
In addition to these designs there is also an all-solid design which can enhance the safety 
providing safer handling and reduction in flammability(75, 76). 
1.5 Carbide-Derived Carbons 
 CDCs are porous carbons with sub-angstrom controllable pore sizes from around 
0.5 to 2 nm and less controllable mesopores (77). They have found applicability in many 
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different fields including extraction/purification of gases (78), tribology (79), hydrogen 
storage (80), protein adsorption (81), water purification (82), and electrochemical 
capacitors (83). Carbons from metal carbides are produced by etching the carbides, 
typically, via chlorine gas and it is possible to use other halogens like Br2, F2, ClF3 and 
others (84). Metal chlorides were being produced via chlorination of carbides as far back 
as 1918 (84), in the 50’s attention was given to the resulting carbon by-product and in the 
70’s an investigation into the carbon resulted in the determination of its porous nature 
(85). The possible resulting carbon structures include amorphous carbon, nanocrystalline 
graphitic carbon, carbon nanotubes, carbon onions, nanocrystalline diamond, turbostratic 
graphite, and highly ordered graphitic carbon(86, 87). The structure and porosity of the 
carbide-derived carbons are dependent on various synthesis parameters including carbide 
precursor, etching temperature and halogen (88). Some f the studied carbides include 
Al4C3 (89), ZC (90), TiC(91), B4C (92), Ti2AlC (93), Ti3SiC2 (94), Ti3AlC2 (95), and SiC 
(96). The general reaction associated with the synthesis of CDCs via chlorination is (97) 
 
 
The reaction is applied at temperatures between 200 and 1200 °C (97). Figure 1.10 
illustrates the effect of the chlorination on a silicon carbide structure and figure 1.11 
demonstrates the progressive change via transmission-electron microscopy (TEM) on a 
SiC whisker. 
)()()()2/()( 2 gMClsxCgClysMC yx +→+
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Figure 1.10. Two-dimensional schematic showing a SiC lattice pre and post etching (87).  
 
Figure 1.11. TEM image illustrating the gradual conversion of a SiC whisker to C (86). 
The resulting carbons can have uni-modal pore size distributions like that seen in 
ceramic molecular sieves (88), which allows for engineering the materials to the 
appropriate application and also helped demonstrate the anomalous increase in 
capacitance when having pores equal to or smaller than he solvated ions used in an 
electrochemical capacitor (77). It is known that a combination of high surface area and 
micro and meso-sized pores can lead to high power and high energy density 
electrochemical capacitors. The tuneability of the pores and the fact that SSA’s as high as 
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2000 m2/g have been attained make CDCs extremely promising materials for 
electrochemical capacitors (98). 
1.6 EDLC Characterization Methods 
 Important performance qualities of electrochemical pacitors include specific 
capacitance, energy density and power density. These characteristics are modulated by 
various parameters including the materials used for the electrode, the electrolyte, 
interfacial resistances, the separator membrane, and cell design. This study is focused on 
the effect of parameters varied during synthesis of the active electrode material. The 
study will attempt to explain correlations between properties like surface area, pore 
morphology, sizes and distribution and electrochemical performance. In order to 
characterize this performance, electrochemical testing including charge-discharge 
(Galvanostatic), cyclic voltammetry and impedance sp ctroscopy were employed and 
techniques like x-ray diffraction, scanning electron microscopy, and gas sorption 
techniques were used to examine the physical properties of the material. 
1.6.1 Galvanostatic Test 
Galvanostatic testing applies a constant current to the electrochemical capacitor 
using a galvanostat and the resulting voltage change with time is measured. This results 
in charging of the capacitor up to a pre-set voltage. The capacitor is then discharged and 
the voltage drop with time is measured. A typical charge-discharge (C-D) graph is 
illustrated in figure 1.12. 
25 















Figure 1.12. Galvanostatic (C-D) graph of CA29 at 0.8 A/g resulting in 113 F/g. 
In figure 1.12 the device has a fairly low IR (potential) drop due to its low internal 
resistance or, as it is commonly termed, equivalent internal series resistance (ESR). This 
technique allows for a determination of the equivalent internal series resistance by 
quantifying the drop upon discharge (V=I*ESR). The ESR has several contributions to it 
including the electrical resistance of the carbon electrodes, the interfacial resistance 
between the current collectors (contacts) and active electrode mass, and ionic resistance 
of the electrolyte. The C-D test provides information on the (specific) capacitance of the 
device (F/g), energy density (Wh/kg), power density (W/kg), ESR (Ohm) and the affect 
of current density on these characteristics. Using equation 1.10 to find the capacitance of 
the total device, then dividing it by two since there are two electrodes working in series 
(and assuming they are the same) and then normalizing it by the mass of one electrode 
one can calculate the gravimetric capacitance. The energy density in Ws/g is obtained by 





and divided by 3600 (1Wh=3600J) to get Wh/kg. To get th  power (W/kg) the value in 
Ws/g is multiplied by 1000 and divided by the discharge time in seconds. Figure 1.13 is a 
Ragone plot showing power vs. energy density. As the c arge-discharge happens at 
higher rates the power increases, but the energy density is reduced due to the inability of 
the ions to respond quickly enough to form the double layer and/or allow for the 
necessary faradaic reactions to take place. 
 
Figure 1.13. Ragone plot of a commercial 350 F capacitor (BCAP0350 Maxwell 
Technologies) (99). 
1.6.2 Cyclic Voltammetry  
 Cyclic voltammetry (CV) is an electrochemical characterization technique 
involving the current response of a device with respect to a voltage change. This 
measurement applies a constant sweep rate (dv/dt) an  monitors the current response of 
the two-electrode device. The sweep was done at varying rates to see the effect on 
capacitance and at various potential ranges, wherein th  electrolyte remains stable. The 
information gathered from this characterization technique includes the (specific) 
capacitance (via equation 1.10 using the average current calculated by integrating the 
area and diving by the voltage range), effect of sweep rate on capacitance, and possible 
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information on the resistance/response of the device based on the shape of the cyclic 
voltammogram. For instance, as seen in figure 1.5, the ideal shape of a capacitor 
(rectangular) is often not seen due to possible faradaic reactions and the linear increase in 
current is due to the device’s resistance. In this investigation the use of two-electrode 
cyclic voltammetry and mostly double-layer capacitance associated with carbon results in 
fairly symmetric voltammograms, excluding the current increase with increasing 
potential. 
1.6.3 Electrochemical Impedance Spectroscopy 
Electrochemical impedance spectroscopy (EIS) evaluates the electrochemical 
response of the electrochemical capacitor to an AC signal at various frequency rates. 
Generally, the response is plotted in the form of a Nyquist plot as illustrated in Figure 
1.14. From the imaginary part of the impedance the capacitance vs. frequency response 
can be extracted using the following equation 









The ESR of the device can be found by looking at the impedance value at the 
point at which the graph intersects the x-axis (seefigure 1.14).  
It should be noted that information regarding the interfacial contact resistance 
between the contact and electrode can be quantified by using the diameter of the semi 
circle formed at high frequencies (not seen in figure 1.14, but in data section). 
In addition, when looking at the imaginary component, or dissipative component 
of the capacitance via equation 1.12 below, the maxi um corresponds to a transition 
frequency between the capacitive (low frequency) and purely resistive (high frequency) 
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regimes of operation (100). The inverse of this transition frequency corresponds to a time 
constant τo, which provides an approximate measure of the appropriate frequency for 
utilization of the material and its performance relative to other materials. 
(1.14)              
1
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 At frequencies between 1 and 100 Hz the graph has a 45° slope and is associated 
with the ions infiltrating the porous carbon structure. It is termed the distributed 
resistance regime. At low frequencies The graph attains an almost vertical shape and 
behaves much like an ideal resistor and capacitor in series and is no longer frequency 
dependent like it is at higher frequencies (99). 
 
Figure 1.14. Nyquist plot of the impedance behavior of a 350 F capacitor (BCAP0350 
Maxwell Technologies) (99). 
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1.7 Material Characterization Methods 
1.7.1. Gas Sorption 
Surface area and pore sizes of EDLC electrode materials are critical parameters 
for EDLC operation. They are generally determined using nitrogen, argon and/or CO2 gas 
adsorption studies. The studies require removal of m isture from the samples via 
outgassing at an elevated temperature (> 150 °C) under an inert gas flow or vacuum. The 
sample is then cooled in liquid N2 (77 K) (when using N2) or a water-ice bath (273 K) 
(when using CO2) while the adsorbate gas is pumped at incremental pressures into the 
sample-containing tube. The N2 sorption studies in the pressure range of 10-760 Torr
allows for probing the mesopores (pores > 2 nm) andthe CO2 sorption in a similar 
pressure range allows for probing micropores (pores < 2 nm). An isotherm is thus 
collected, which is a measure of the volume of gas adsorbed at a constant temperature as 
a function of relative pressure, the absolute pressur  normalized to the condensation 
pressure. Using this isotherm it is possible to extract information regarding the available 
surface area and pore size and distribution. Figure 1.15 shows an isotherm for a 
mesoporous CDC.  
The theory that laid the foundation for the calculations that allowed for the 
surface area measurements and pore structure evaluation comes from the work of Irving 
Langmuir. His theory assumes that the surface is homogeneous, that there is a monolayer 
adsorption on the surface of the studied material, and that the adsorbed molecules do not 
interact. The theory was further developed by Stephen Brunauer, Paul Hugh Emmet and 
Edward Teller (BET). Their theory applied Langmuir theory to multiple layers of 
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adsorption and assumed that Langmuir’s theory can be applied to each layer and that each 
layer does not interact with the other (101). 
 
Figure 1.15. Nitrogen sorption isotherm for mesoporous SiC (102). 
The BET equation (equation 1.15) can be used to find Vm, the volume of the gas 
necessary to form a monolayer. In equation 1.15, P is the equilibrium pressure, P0 the 
saturation pressure, Va the volume of gas adsorbed at P, A, C and I are constants. P/P0 is 
the relative pressure of adsorbate. Vm can then be multiplied by N (Avogadro’s number), 
s (the molecular cross-sectional area), and divided by V the molar volume of the 
adsorbent to get the total surface area. The SSA can then be obtained by dividing the 
surface area (obtained with equation 1.19) by the mass of the sample. 
(1.19)                           
(1.18)                               
1
(1.17)                                
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1.7.2 Raman Spectroscopy 
Raman spectroscopy (RS) has been used to provide characterization of graphitic 
materials for the last four decades, and has been increasing in popularity significantly in 
the past decade due to growing interest in carbon materials. The information obtained by 
RS can provide insight into structure defects, graphene layer stacking, and finite size of 
the crystallites parallel and perpendicular to the hexagonal cell axis. The peak associated 
with graphite is termed the G peak, and the peaks associated with disorder of the carbon 
sample are D and D’ (103). The peaks are the result of double-resonance occurring 
during the Raman process. G is the result of in-plae bond stretching motion of pairs of C 
sp2 bonded atoms (104). Generally, the absence of prfect graphite systems leads to the 
constant presence of some D band signal. These defects, however, are often desirable in 
graphitic materials due to the anisotropy of properties found in graphitic systems. For 
instance the weak van-der-walls forces found between the graphene layers can be 
ameliorated by having small crystals, which will increase the mechanical strength of the 
graphite as compared to long planes of graphene sliding past one and other. 
 
Figure 1.16. Raman spectrum of a nanographite sample, showing the main Raman 
features. Taken with a laser excitation wavelength of 514.5 nm. The * peak is from 
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nitrogen in the air and non-prominent graphite features are not labeled, but have been 
assigned through other investigations (103). 
 
RS is a quick, easy, non-destructive, non-contact method for probing the structure 
of carbon via inelastic scattering of light from a s mple surface at room temperature in 
ambient pressure. The most prominent features for graphitic materials are the G, D, D’ 
and G’ bands (see figure 1.16). The G (graphite) band is found at ~1582 cm-1, D at ~1350 
cm-1, D’ ~1620 cm-1, and G’ ~2700 cm-1, the last three varying based on laser intensity. 
The G band is a doubly degenerate phonon mode (E2g symmetry), and indicates that the 
sample has sp2 carbon networks. D and D’ are defect-induced Raman fe tures, which are 
unseen in highly crystalline graphite. The integrated intensity ratio of the G and D bands 
(ID/IG) is used to characterize the varying amounts of defects as the material is modified. 
Figure 1.17 illustrates the disorder-induced characte  of the D band by examining the G 
and D band confocal images and Raman spectra. The image is of highly oriented 
pyrolyzed graphite deposited on a glass substrate. Figure 1.17a of the G band image 
shows that it is uniform throughout the crystallite. Figure 1.17b, however, shows that the 
D band is localized to the imperfect edges of the sample. Figure 1.17c illustrates via the 
spectrum graph that at a point taken away from the edge the D band is not evident and at 
the edge the G band maintains its intensity, but a prominent D band appears. Other 
information that can be obtained from the spectra includes in-plane crystallite size as 
shown by the work of Tuinstra and Koenig, and variation in the stacking order of the 
graphene sheets along the c-axis via G’, the second order of the D band. As ordering 
along the c-axis occurs (2-D to 3-D graphite), e.g.by heat treatment, G’ band splits from 
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one peak to multiple peaks. Other researchers further developed Tuinstra and Koenig’s 
work and a formula to calculate crystallize size has been formulated. 
 
 
Figure 1.17. a) G band and b) D band confocal Raman images of a graphite crystallite 
deposited on a glass substrate. c) The Raman spectra from region 1 and 2 in panel b. 
Excited by a 633 nm wavelength laser (103). 
1.7.3 X-ray Diffraction 
X-ray diffraction (XRD) is a technique that allows for probing the 
crystallographic structure and chemical composition of materials. This is done by 
measuring the scattered intensity of x-rays coming off a sample post incidence as a 
function of incident and scattered angle. 
 
 








The common configuration used for XRD is the Bragg Bentono geometry, which 
allows for a constant distance between the sample and the detector (figure 1.18). It 
essentially requires that the distance from the source to the sample and sample to detector 
is kept constant and that the sample is tangent to the focusing circle. In order to keep the 
detector distance constant the sample must rotate a 1/2 the angular velocity of the 
detector. As the angle of incidence (θ) changes, the detector must move 2θ. A sample  
resulting spectrum from such a measurement is shown in figure 1.19. As it can be seen in 
figure 1.19 it is rare that the detector receives a sc ttered signal from the sample. This is 
due to destructive interference taking place in the sample and constructive interference 
(satisfying Bragg’s Law, equation 1.20) associated with crystallinity causes the 
appearance of peaks. 
 
Figure 1.19. X-ray diffraction pattern of Ti3SiC2 CDC (85). 
 
(1.20)                 2dsinθλ =  
Where λ is the wavelength of the probing radiation, d is the feature spacing (e.g. plane 
spacing), and θ is the incident angle. 
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Small-angle X-ray scattering (SAXS) is a technique utilizing elastic scattering of 
X-rays, which has features in the nanometer range ad is recorded at low angles (< 10°).  
It can provide information regarding size and shape of macromolecules, partially ordered 
materials, and pore sizes.  
In SAXS a monochromatic beam of X-rays is brought to a sample from which X-
rays scatter. A detector picks up the small portion hat actually scatters, rather than goes 
through the material, and this pattern contains information on the structure of the sample. 
The experiment usually follows the procedure seen in figure 1.20. 
 
Figure 1.20. General setup for small angle x-ray scattering experiment. 
1.7.4 Scanning Electron Microscopy 
Scanning electron microscopy (SEM) images the surface by scanning it with a 
high-energy beam of electrons. The beam interacts with the surface atoms (to some small 
depth of up to a few microns) and produces signals that contain information about 
topography, composition and other possible information, such as structure. The signals 
emitted from the surface include secondary electrons, back scattered electrons, 
characteristic X-rays, and other various types of radiation. The common method of 
characterizing the topography is via the secondary electron imaging with up to 1 to 5 nm 






accelerating the electrons via a potential. The beam’s energy is between 40 keV and a 
few hundred keV and is focused by one or two condenser lenses to a spot between 0.5 
and 5 nm in diameter. As the beam passes through the SEM column (figure 1.21) it is 
collimated with various coils or deflector plates and is then rasterized across the surface 
of the sample to form an image. 
 




MATERIALS AND EXPERIMENTAL METHODS 
2.1 Materials 
2.1.1 Porous Carbide-Derived Carbon Formation  
Mesoporous CDC were prepared by the group of Prof. Stefan Kaskel 
(Triebenberg Laboratory, Institute for Structure Physics, Dresden University of 
Technology, Dresden, Germany) using a SiC precursor having ordered mesopores. 
Etching of silicon from SiC was achieved via the flow of Cl2 gas at atmospheric pressure 
and a temperature range of 700-1000 °C according to the following reaction (106) 
CSiClClSiC +→+ 422  
The employed procedure placed 0.3 g of mesoporous SiC material into a quartz 
boat and slowly (8 °C/min) heated to the desired temp rature under Ar flow at the rate of 
~30 mL min-1. At the desired temperature Cl2 gas at the flow rate of ~30  mL min
-1 was 
introduced for 3 hours. Cl2 flow was then stopped and the sample was cooled down t  
room temperature under Ar flow. The samples were then brought up to 600 °C under 
argon and then ammonia was flowed for 2 hours to remove any excess chlorine, the 
samples were then cooled to room temperature under argon. The mesopores existing in 
SiC allowed for the successful formation of SiC CDCs at temperatures as low as 700 °C, 
which is not feasible when using non-porous SiC dueto the high chemical stability of 
SiC leading to a very slow reaction rate at this temp rature (82). 
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2.1.2 Mesoporous SiC Preparation 
Mesoporous SiC was prepared using a high quality SBA-15 mesoporous SiO2 
template. According to the employed procedure (82), 2g of SBA-15 was infiltrated with 
2.5 g of polycarbosilane precursor solution (Mw=800 from Aldrich) in a heptane-butanol 
mixture in an open beaker and left to evaporate overnight while stirring. The resulting 
powder was then placed in an alumina boat in a tube f rnace under Ar flowing at the rate 
of ~ 40 mL min-1 and heated to 1000 °C according to the following re ime: (a) heating 
from RT to 150 °C at the rate of 2.5 °C/min, (b) 5 h heat treatment at 150 °C, (c) heating 
from 150 to 700°C at the rate of 0.6 °C/min, (d) heating from 700 to 1000 °C at 2 °C/min, 
(e) annealing at 1000 °C for 2 hours and (f) cooling down to room temperature (82).  
One sample (precursor for CA 27 CDC sample) was prepared slightly differently: 
(a) additional carbon was added to the SBA-15 template by infiltration of divinylbenzene 
in addition to the polycarbosilane (SMP-10 from Starfire), which was then annealed in a 
static Ar atmosphere for twelve hours at 250 °C, (b) heated under vacuum to 450 °C at ~ 
1 °C/min, (c) annealed at 450 °C for 12 hours under vacuum, (d) heated from 450 to 1000 
°C in Ar at ~ 1 °C/min, (e) annealed at 1000 °C for 2 hours and (f) cooled down to room 
temperature. The microstructure and porosity of the mesoporous SiC samples produced 
according to the two methods was similar (82). 
In order to etch the SBA-15 template, the produced SiO2-SiC composite was 
immersed into a solution of Ethanol/H2O/40% hydrofluoric acid, shaken, and left for an 
hour of SiO2 etching. Solution was then filtered over filter paper and washed with about 
200 mL of ethanol for cleaning then left overnight drying in a hood and the next day the 
ordered mesoporous SiC CDC was collected (82). 
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The SBA-15 mesoporous silica template with uniform network porosity and wall 
thickness was prepared according to the method developed by Choi et al. using 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock copolymer 
(EO20PO70EO20) and sodium silicate aqueous solution (107). The synthesized SBA-15 
is composed of two dimensional hexagonal arrays of channels that range from 5-9 nm in 
diameter. SBA-15 has large uniform ordered pores accompanied by smaller disordered 
pores that provide connectivity between adjacent large pores.  
A schematic for the entire process for the formation of mesoporous CDC is 
illustrated in figure 2.1. 
 
Figure 2.1. Schematic of synthesis of ordered mesoporous CDC (82) . 
2.2 Electrode Preparation 
The produced SiC CDC powders were suspended in ethanol and mixed with 
polytetrafluoroethylene (PTFE) (60 wt. % water suspension, Sigma Aldrich, USA) binder 
to form a slurry of 95% wt. carbon and 5% wt. PTFE. Once most of the ethanol was 
evaporated under continuous stirring at 300 rpm and 100 °C, the material was further 
mixed using a spatula until a soft clay-like consistency was achieved and the resulting 
composite paste was made into a thin, rubbery film,known as an electrode or peel. After 
drying overnight at 80 °C under vacuum the peel wasrolled to the thickness of ~ 130 
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micron using a commercial rolling mill and left to dry in the vacuum oven at 80 °C for at 
least 8 hours till the EDLC device with organic electrolyte was constructed and used for 
electrochemical testing. 
2.3 Device Assembly 
The EDLCs were assembled in a symmetrical two-electrode configuration (figure  
1.4). The area of the carbon electrodes was ~1 cm2. Al foil of 300 µm in thickness was 
roughened using a 600 grit SiC sandpaper, coated by a thin layer (~ 10-20 µm) of a 
conductive paint (EB-012, Acheson Colloids, US) and used as a current collector. The 
conductive paint was used to reduce the interfacial resistance between the electrode and 
the current collector (108). A GORETM membrane (W.L. Gore and Associates, US) of 
~25 µm in thickness and ~60% porosity was used as a sep rator for the EDLC devices. 
The Al-electrode-separator-electrode-Al sandwich was clamped between two Teflon 
slabs and transferred into the Ar-filled glovebox (Innovative technologies, <1 ppm of 
H2O). After outgassing in a glovebox vacuum oven at 120 °C for two hours, the whole 
assembly was cooled down to room temperature and placed in a glass beaker and filled 
with an organic electrolyte. We selected 1 M tetraethylammonum tetrafluoroborate salt 
(electrochemical grade, Alfa Aesar, US) solution in acetonitrile (99.9%, extra dry, Across 
Organics, Geel, Belgium), the most common organic ele trolyte used by the majority of 
the US manufacturers of commercial EDLC devices. Prior to electrolyte preparation, 
TEABF4 salt was dried for two hours at 150 °C in a vacuum oven located inside the 
glovebox. The beaker-type EDLC device was placed into a custom designed air-tight 
glass cell equipped with two Swagelok ® electrical feedthroughs and taken out of the 
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glovebox for electrochemical characterization. All the electrochemical tests were 
performed outside the glovebox using the same Ar-filled air-tight glass cells. 
2.4 Electrochemical Measurements 
A powerful combination of electrochemical techniques was used to evaluate the 
electrode performance: cyclic voltammetry (CV), charge-discharge (C-D) tests and 
electrochemical impedance spectroscopy (EIS). The EIS and CV tests were carried out 
using a Zahner IM6 electrochemical workstation (Zahner-Elektrik Gmbh & CoGK, 
Kronach, Germany) in the frequency range of 1 mHz to 100 kHz with a 10mV AC 
amplitude. Most CV tests were performed in the voltage range of -2V to + 2V at sweep 
rates of 1 mV/s, 10 mV/s and 100 mV/s. Additional exp riments were also performed in 
the range of -2.3V to +2.3V, -2.5V to +2.5V, and -2.7V to +2.7V at 100 mV/s. The C-D 
tests were carried out using an Arbin SCTS supercapacitor testing system (Arbin 
Instruments, TN, US) between 0 to + 2 V at charge (discharge) current densities between 
100 and 15000 mA/g, based on the mass of a single electrode.  
2.5 Gas Sorption 
The isotherms of N2 gas adsorption on the surface of CDC powders were 
collected at 77 K in the range of relative pressure of 0.05-1 P/P0 using TriStar II 3020 
surface area and porosity measurement system (Micromeritics Inc., GA, USA) and used 
for measurements of the SSA and pore size distribution (PSD) in the mesopore range (2-
50 nm). CO2 sorption tests at 273 K (ice bath) were carried out using the same system in 
order to measure the PSD of micropores (<2 nm). Prior to sorption tests, CDC samples 
(~10 mg) were degassed at 300 °C for 5 hours under continuous N2 flow. The SSA and 
PSD were calculated using the BET and DFT methods, respectively. Both the BET and 
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DFT analyses were performed using Micromeritics software. The DFT model assumed 
slit pore shape. The relative pressure range of P/P0  from 0.05 to 0.2 was used for multi-
point BET calculations. Ultra high purity gases (99.99 %, Airgas, USA) were used for all 
experiments.  
2.6 X-Ray Diffraction  
X-ray diffraction studies of CDC samples were performed using a Panalytical 
X’Pert PRO Alpha-1 diffraction system (Pananalytical, Almelo, Netherlands) equipped 
with the incident beam monochromator. The system allowed to use only the Kα1 
component of Cu radiation, improving the overall quality of the collected powder 
diffraction data. An accelerating voltage of 45 kV, current of 40 mA, 2θ-step of 0.017, 
and a hold time of 200 seconds. In addition, a Nanostar (Bruker) and a Histar 2D detector 
was used by Krawiec et. al. to obtain the SAXS data. 
2.7 Raman Spectroscopy   
Micro-Raman spectroscopy was performed using an Ar ion laser excitation (488 
nm) on a Ramascope 1000 Raman microspectrometer (Renishaw, UK) equipped with a 
charged coupled device (CCD) detector and an optical microscope for focusing the 
incident laser beam to a 1-2 µm spot size. The spectra were collected in the extended 
regime in the range of 800 - 1800 cm-1. Prior to analysis, the microspectrometer was 
calibrated using a plain Si wafer.  
2.8 Electron Microscopy   
Scanning electron microscopy (SEM) was used to characte ize the morphology of 
the CDC samples. It was performed using a LEO 1530 SEM microscope (LEO, Osaka, 
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Japan, now Nano Technology Systems Division of Carl Zeiss SMT, MA, USA). In-lens 
secondary electron detector was used for the studies, most of which were performed 
using an accelerating voltage of 5 kV and a working distance of 5 mm.   
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CHAPTER 3 
ELECTROCHEMICAL CHARACTERISTICS OF SILICON 
CARBIDE DERIVED MESOPOROUS CARBON FILMS 
3.1 Introduction 
As described in Chapter 1, energy storage in EDLCs is based on the adsorption of 
ions under an applied potential (Figs. 1.4., 1.6). While EDLCs offer lower energy density 
than most rechargeable batteries, they posses higher power densities and very long cycle 
lives (54). Most commercial EDLCs employ activated carbon electrodes due to their high 
SSA, good electrochemical stability and reasonably high electronic conductivity in 
organic electrolytes (11). Most activated carbons exhibit relatively wide distribution of 
irregular curved pores in the range of 0.3-10 nm (109- 11), often with narrow bottle-
necks (112-114) which may dramatically slow down the ion transport and thus limit the 
power characteristics of EDLC (111, 114).  
The wide PSD of activated carbons make the study of the effect of pore size on 
the ion adsorption and transport very difficult. Until recently it was believed that a pore 
size two-to-three times larger than the solvated ion size was appropriate to reach high 
capacitance values (55). Nevertheless, recent studies showed that porous carbons with 
subnanometer (< 1 nm) pores and a narrow PSD lead to higher capacitance values than 
traditional activated carbons even with a solvated ion size larger than the average pore 
size (58). Such a study was performed using CDC prepared from micro-sized carbide 
particles. CDCs are believed to have a much smaller mount of bottleneck pores than 
found in typical activated carbons, due to the specificity of CDC synthesis: large chloride 
molecules continuously exit the CDC microstructure as the chlorination progresses, 
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preventing pore collapse and necking (115). The CDC process also prevents uneven pore 
formation, which often takes place in activated carbons due to the microscopically non-
uniform distribution of the oxidizing agent within the carbon being activated and (if 
produced from natural precursor) non-uniform carbon microstructure (116). The adverse 
effect of the small pores in CDC exhibiting high capacitance is that these small pores 
slow down the ion transport and allow for relatively moderate rate of charge (or 
discharge) (91, 117-119).   
Many demanding applications, including power quality applications (voltage sags,  
most of which take place in 0.1-1 second) and pulse-power applications for the military 
and aerospace applications, require substantial improvements in the power characteristics 
of commercial EDLC, without sacrificing their energy storage characteristics. One of the 
potential approaches to boost the power performance of EDLCs involves minimizing the 
ion paths within the microporous channels of porous carbons by decreasing the size of 
porous carbon particles to sub-micron or, ideally, the nano-range (117). In a recent study 
of SiC CDC having different particle sizes (20 nm – 20 micron), Portet et al. (117) 
demonstrated improvements in the capacity retention with high current density and the 
decrease of the time constant by up to ~ 33%. As an additional benefit, decreasing the 
SiC CDC particle size increased its gravimetric capacitance from ~ 90-100 F/g up to ~ 
130 F/g. While the study clearly demonstrated the pot ntial for improved performance in 
porous carbon nanoparticles via reduction of the transport distance within each particle, 
the overall improvement of EDLC power characteristics was rather moderate. In addition, 
due to the low packing density of nanoparticles, the volumetric performance of EDLC 
slightly decreased.  
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An alternative approach to increasing the power characteristics of EDLCs may 
involve the use of high surface area particles, which do not posses micropores (< 2 nm). 
Examples of such particles include carbon nanotubes (CNT), carbon blacks, and carbon 
onions (50). In carbon electrodes produced from such particles ions do not need to diffuse 
inside long narrow channels and migrate through small bottleneck pores. However, these 
electrodes offer only moderately high surface areas of 200-500 m2/g, which falls short 
when compared to the BET SSA of 1000-3000 m2/g of CDCs and activated carbons, and, 
as a result, limited gravimetric and volumetric capacitance.  
In our present study we were interested to investigate how far we could improve 
the capacity retention, frequency response and power characteristics of EDLC electrodes 
if we employed large high surface area porous carbon particles having both straight 
mesopore channels (for fast ion transport within each particle) and smaller pores in the 
volume between the large channels (for high surface rea and specific capacitance). 
Further, we were interested to investigate how potential improvements in the power 
characteristics of EDLCs based on such electrodes would affect their energy storage 
characteristics. We selected SiC CDC produced from ordered mesoporous SiC as a 
material for our study (Fig. 2.1). The three samples CA28, CA 29 and CA27 were 
synthesized by SiC chlorination at 700, 800 and 900 °C, respectively. The details of the 
EDLC electrode preparation, cell assembling and testing is given in Chapter 2.  
3.2 Results and Discussion: Material Characterization  
3.2.1. Gas Sorption 
Figure 3.1 shows the normalized N2 and CO2 adsorption isotherms collected at 77 
K and 273 K, respectively, for all three samples. All the N2 isotherms are of a type IV of 
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the Brunauer classification (120) with the volume of adsorbed N2 increasing significantly 
at relative pressures above 0.1, indicating the presence of mesopores and the shape of all 
three CO2 isotherms are similar. This is in contrast to CDCs previously synthesized from 
non-porous microscopic SiC particles, which demonstrated virtually no pores above 2 nm 
(121, 122). The similar shape of the isotherms suggests a very similar distribution of 
mesopores and micropores. It is expected that a large volume fraction of the mesopores 
come from the mesoporous channels existing in SiC and that the micropores are provided 
by the porous carbon walls. Since chlorination of SiC is known to be a conformal process 
(123), it is likely that the pore sizes existing in the SiC precursor would not change 
significantly upon SiC transformation into CDCs. The similar porosity of the three SiC 
precursor samples may explain the similar distribution of the volume of micro- and 
mesopores in the produced CDC samples.  
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Figure 3.1. a)N2 and b)CO2 adsorption isotherms for the three CDC samples.  
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Figure 3.2. Pore size distribution of the CDC samples. 
 





























Figure 3.3. Incremental surface area distribution of the CDC samples. 
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The DFT PSD (Fig. 3.2) of the CDC samples demonstrated the largest volume of 
~ 3 nm pores in all three samples, close to the porsize in the SiC precursor. Figure 3.3, 
however, demonstrated that the majority of the avail ble surface area came from the 
micropore contribution. The distribution of the pores is quite similar, confirming the 
previous discussion. The PSD of CA28 and CA29 samples showed the strongest 
similarity. These samples were synthesized by chlorination of identical SiC precusors at 
700 and 800 °C. On the other hand, CA27, which was produced at a higher temperature 
of 900 °C from the mesoporous SiC precursor was prepared slightly differently (see 
Chapter 2), showed a slightly different PSD of mesopores with the distribution peak 
shifted towards larger pores by ~ 0.5 nm. An increase in the average pore size in CDCs 
produced at higher chlorination temperatures has been previously observed (121, 122, 
124, 125). However, SiC CDCs previously produced from non-porous SiC particles 
showed nearly no changes in the average pore size when the chlorination temperature 
was increased from 800 to 1200 °C (117, 122). As such, it might be reasonable to assume 
that the small deviations in the SiC precursor prepa ation were responsible for the larger 
mesopores in CA27.  
 The BET SSA of the samples calculated from N2 isotherms are shown in Table 
3.1. The values obtained for our SiC CDC samples (2250-2450 m2/g) are over two times 
higher than those obtained for SiC CDC produced by chlorination of nonporous SiC 
particles at 800-1200 °C (117, 122) and among the highest reported for CDCs (124, 126) 
(119, 122). While chlorination of SiC nanoparticles r ulted in slightly larger surface area 
(~ 1300 m2/g) as compared to micrometer particles (~ 1100 m2/g) (117), the dramatic 
increase in the surface area achieved by using mesoporous SiC precursor was surprising. 
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We speculate that the difference in SiC precursor microstructure and carbon content 
might be responsible for the highly developed porosity. 
Table 3.1. SSA estimated by multipoint BET method.  




3.2.2. Scanning Electron Microscopy  
Figure 3.4 is a low resolution SEM micrograph of the CDC electrode surface with 
some non-uniformities and elongated CDC particles visible. While this figure shows 
CA28, the other samples had a very similar appearance ( ot shown). Higher resolution 
SEM (Figs. 3.5 and 3.6) performed on all three samples revealed very similar particle 
morphology. Figure 3.6 demonstrates the highest magnification of all three samples, 
allowing for better viewing of the surface features of the particles. Because the silica 
membrane with elongated pores was utilized as the template for the SiC synthesis, and 
because during the SiC chlorination, the shape of the particles does not change 
significantly (127), highly elongated CDC particles were obtained, as seen in figures 3.5 
and 3.6. CDC particles of up to ~ 50 micron in length (Fig. 3.4) consist of bundles of 
smaller carbon particles (Fig. 3.6). A CDC agglomerat  consists of ~ 10 strands, having a 
diameter in the range of 600-700 nm. Roughly the same strand sizes were seen in the 
samples, though as reported by Krawiec et. al., some variation in the structural shrinkage 
is commonly observed during the formation of mesopor us CDC, depending on synthesis 
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conditions. For instance, a sample chlorinated at 700 °C resulted in a structural shrinkage 
of ~24%, while a sample chlorinated at 1000 °C showed ~30% shrinkage (82).  
 










Figure 3.6. SEM of CA28, CA29, CA27 (top to bottom) electrode films at a higher magnification.  
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3.2.3. Raman Spectroscopy  
Raman spectroscopy was used to evaluate the degree of disorder within the CDC 
samples. Perfect graphite shows only one Raman active mode, the G-band, located at 
~1582 cm-1 and is independent of the excitation wavelength.  T is peak corresponds to 
graphite in-plane vibrations with E2g symmetry (128, 129). Disordered carbons show an 
additional band at ~1350 cm-1 (D-band) for an excitation at wavelength λ = 488 nm (129, 
130). The position of this band may vary, depending o  the structure of the disordered 
carbon, the presence of impurities, and the excitation wavelength (130). The D-peak is 
associated with a double-resonance Raman process in di ordered carbon. According to 
the double-resonance phenomenon, a phonon mode gives rise to the D-peak if the wave 
vector of the phonon is twice as large as the wave vector of the electronic transition in 
carbon excited by the incident phonon (130, 131).  
Analysis of the three samples showed strong peaks corresponding to D- and G-
bands (Fig. 3.7). The change in full width at half maximum (FWHM) of both the D and G 
bands are minimal (not shown). The ratio of integrated intensities of the D-band and G-
band (ID/IG) decreased with increasing chlorination temperature (Fig. 3.7 b). This 
observation suggests that ordering increases at higher synthesis temperatures, which is 
consistent with previous results on CDC (121). For the ID and IG calculations the graphs 
were fitted using two Gaussian peaks corresponding to D and G bands, respectively, and 













































Figure 3.7. Raman spectroscopy of CDC samples: (a) Raman spectra showing the 
disordered structure of the samples with a prominent D-band; (b) ID/IG ratio as a function 
of chlorination temperatures 
3.2.4. X-Ray Diffraction 
A very weak and broad peak at ~26° (not shown) suggested extremely disordered 
CDC structure. In addition, a peak is not seen at ~ 44 °, which would be due to diffraction 
from the (101) planes of graphite, indicating the growth of graphite ribbons in CDC 
(132). 
XRD studies at small angles were performed in order to determine if there were 
large features with repetitive order in the carbon samples, such as regularly spaced 
mesopores present in the mesoporous SiC precursor. Figure 3.8 shows that ordered large 
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features are found in all three samples. After analyzing the peak positions, it appears that 
CA27, CA28, and CA29 experienced varying amounts of hrinkage with respect to the 
large features (11.7%, 27.8%, and 2.2%, respectively, calculated via Bragg’s Law). 
Surprisingly, CA29 experienced a significantly lower amount of shrinkage as compared 
to CA28, which was similarly prepared. Maintaining a similar pore distribution, while 
chlorinating at a higher temperature, which could lead to additional removal of surface 
passivation, and shrinking significantly less, is hard to explain. These differences require 
further examination, for example, via transmission electron microscopy and varying 









Figure 3.8. SAXS spectrums taken by Krawiec et. al. for: a) SiCprecursor template, 
CA28 and CA29 and b) SiC precursor template and CA27 
 
3.3 Results and Discussion: Electrochemical Characterization 
3.3.1 Electrochemical Impedance Spectroscopy 
EIS on the two-electrode assembled cells demonstrated high capacitance for all 
the mesoporous SiC CDC samples investigated, with values exceeding 140 F/g at 0.01 
















































Hz (Fig. 3.9). This value is one of the highest values reported for porous carbons in a 
solution of TEABF4 in acetonitrile electrolyte (100). CA28 produced at 700 °C exhibited 
higher specific capacitance than CA29 and CA27, both produced at higher temperatures. 
The capacitance of porous carbons is known to be affected by the SSA (22), pore size 
(118) and microstructure (50) with higher SSA, micropores and more disordered structure 
commonly leading to larger capacitance. The size of the micropores measured using CO2 
sorption and analyzed using DFT, as well as that of the mesopores for CA28 measured 
using N2 sorption and analyzed using DFT (Fig. 3.2) was very similar to that of samples 
CA29 and CA27. Furthermore, the BET SSA of CA28 was only a few percent different 
than that of both CA29 and CA27 samples (Table 3.1). Therefore, we speculate that the 
more disordered microstructure of SiC CDC produced at the lowest temperature of 700 
°C (Fig. 3.7) might be responsible for its excellent capacitance characteristics. 
Interestingly, however, the capacitance of CA29 produced at the intermediate 
temperature of 800 °C and exhibiting the highest BET SSA of 2434 m2/g (Table 3.1) was 
the worst in the series. The mechanisms responsible for its relatively poor performance 
are not completely clear. In comparing CA28 and CA29 one can take into account the 
previously discovered phenomenon that at lower chlorination temperatures the order in 
the mesoporous channels of SiC precursor is easier to preserve during the CDC 
transformation (82). The hampered mesopore ordering may slow down the ionic transport 
and obviate the formation of the double layer. The better performance of CA27 as 
compared to CA29 sample could be due to the difference in the CA27 synthesis 
procedure. The DVB used in the preparation of the mesoporous SiC for CA27, to 
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improve the mesopore ordering (82), may result in pores that facilitate faster ionic 
transport.  
 

































 SiC CDC, 20 nm, 900 C
 SiC CDC, 20 um, 900 C
 High SSA nanoparticles
 
Figure 3.9. Gravimetric capacitance frequency response for investigated CDCs, 
contrasted with previously studied systems (50, 123). 
Figure 3.9 also compares the performance of the thre mesoporous SiC CDC 
samples with that of previously synthesized SiC CDC produced from non-porous micro- 
and nano-powders at 900 °C. While the performance of nano SiC CDC approaches that 
of CA-29, microscopic SiC CDC showed far inferior capacitance, presumably due to its 
lower SSA. The capacitance of that SiC CDC does not sh w signs of saturation at 0.01 
Hz, suggesting that larger particle size and thus longer diffusion paths for electrolyte ions 
prevent the system from reaching the equillibrium ion adsorption within a ~100 s time 
period.  Figure 3.9 further compares the performance of mesoporous SiC CDC with that 
of non-porous high surface area carbon nanoparticles, such as those produced by 
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annealing nanodiamond (50). As we can see they offer nearly 6 times lower specific 
capacitance than the SiC CDC sample CA28. 
When the gravimetric capacitance is normalized with respect to the maximum 
capacitance for each respective system (Fig. 3.10), a comparison of the frequency 
response for the carbon electrodes becomes easier. CA28 clearly shows the shortest 
relaxation time, 50 % of its capacitance is maintained at frequencies in excess of 1 Hz. 
The combination of such a fast frequency response and high capacitance indicates  
excellent power characteristics with respect to this SiC CDC. In fact, somewhat 
surprisingly, both CA28 and CA27 showed better frequency response than that of non-
porous carbon nanoparticles, such as annealed nanodiam nd (Fig. 3.10). This could be 
related to the fast ionic transport in the mesoporous channels of the templated SiC CDC. 
In contrast, the large mesopores created by spacing between non-porous carbon 
nanoparticles might have a morphology, which impedes ion transport. The frequency 
response of CA29 was similar to that of the SiC CDC nanopowder. In order to maintain 
50% of its maximum capacitance value a charge-discharge frequency of less than 0.25 Hz 
is needed.  
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 SiC CDC, 20 nm, 900 C
 SiC CDC, 20 um, 900 C
 High SSA nanoparticles
 
Figure 3.10. Relative capacitance vs frequency response for the investigated systems and 
several other materials (50, 123). 




















Figure 3.11. Nyquist plots for the SiC CDCs. 
The Nyquist plots (Fig. 3.11) obtained by performing EIS provide some 
interesting insight regarding the differences in the EDLC devices based on the CA28, 





very low (Fig. 3.10) and the device operates as a resistor. It appears that the ESR values 
of the EDLC devices measured at high frequency are fai ly similar and low, as seen in 
table 3.2.  
Table 3.2. ESRs for the SiC CDCs. 





However, the interfacial resistance between the painted Al current collectors and 
the SiC CDC electrodes vary more significantly. The non-ideal interface is often 
expressed by the appearance of the semi-circuit (R-C) loop at high frequency in the 
Nyquist plot (108, 133). The equivalent circuit responsible for the loop includes both the 
interface resistance and interface capacitance (presumably due to the surface oxide 
formation) in parallel to each other and in series with the the frequency-dependent 
capacitance and resistance of the carbon electrodes (133). A smaller interface resistance, 
and corresponding loop, would allow the EDLC to achieve capacitive behavior at higher 
frequency and minimize resistive losses during operation. The largest loop was observed 
in CA28, prepared at the lowest temperature, and the smallest one in CA27, prepared at 
the highest temperatures. This can be due to several reasons, apart from the possible 
differences in the thickness and uniformity of the conductive paint on the Al current 
collectors (as the process is not very easy to control when done by hand). Chlorine 
contaminants left in the samples after the high temp rature treatment in ammonia may 
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cause corrosion of the Al current collectors and lead to the R-C loop formation. Higher 
content of Cl is common in CDC samples produced at lower temperatures, which may 
explain the shrinkage of the R-C loops upon increase in chlorination temperature (in the 
order of CA-28→CA-29→CA27). Furthermore, chlorination at higher temperatures often 
leads to lower CDC resistivity (58), which may also c ntribute to the R-C loop 
minimization. 
Using Eq. 1.12 the imaginary component of the capacitan e was calculated as a 
function of the frequency for all three samples and plotted in figure 3.12. The time 
constants for the devices were calculated from this graph and plotted in figure 3.13 and 
contrasted with that for SiC 20 nm, SiC 20 µm, and ND annealed at 1200°C particles. As 
the device’s capacitance increases the time constant is reduced. Thus, the lower time 
constant for nonporous carbon nanoparticles such as ND and the two SiC particles are not 
surprising. Among the mesoporous SiC CDC, CA27, produced at the highest 
temperature, exhibited the smallest time constant. Its smaller interface resistance (Fig. 
3.11), fast ionic transport, resulting in low ionic resistance (Fig. 3.10), and moderate 
specific capacitance (Fig. 3.9) may have contributed to achieving the observed small 
value of 8.6 s. The largest time constant was observed in CA29, which exhibited the 
highest ionic resistance (Fig. 3.10). Both CA28 and CA27 exhibited smaller time 
constants than TiC CDC (not shown), while having comparable specific capacitance 
values (59).  
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Figure 3.12. Imaginary components of the capacitance/dissipative portion of the 
capacitance for all three samples. 
 
Figure 3.13. Time constants for all three samples contrasted with ND annealed at 1200 
°C, and SiC particles of 20 nanometer and micrometer siz s (50, 58). 
 
































Highest performing TiC CDC 
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3.3.2 Galvanostatic (charge-discharge) Characterization 
C-D testing is the most accepted method in industry for evaluating the gravimetric 
capacitance of an electrochemical capacitor, as well as the device’s ability to maintain its 
energy storage capabilities at high discharge rates. The capacitance is calculated from the 
data obtained from C-D using equation 1.10. The data allowed for the calculation of the 
effect of current density on capacitance retention, and energy density vs. power density. 
Phenomenal results were obtained with respect to the absolute gravimetric capacitance 
obtained and the ability of the active materials to retain high energy densities even at 
extremely high discharge rates. The performance of the materials is contrasted with that 
of previously investigated SiC CDC, annealed nanodiamonds, commercial activated 
carbon, templated carbon, and MWNT.  
The retention of capacitance at high charge and discharge rates is extremely 
important for power applications. Often the effect of current density (mA/g) is 
investigated in order to demonstrate the usability of the active material at high discharge 
rates. Figure 3.14 shows that the capacitance retention is excellent for the CDC 
investigated in this study. The data taken from previous studies show that in our 
particular study the current densities were much higher than often investigated, and the 
capacitance retention at such high rates is extremely promising for high power devices. 
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Figure 3.14. Effect of current density on gravimetric capacitance retention (50, 100, 123, 
134). 





































Figure 3.15. Relative capacitance retention for the samples investigated. 
Figure 3.15 allows for the analyses of the relative capacitance retention for the 
samples studied. There is some variation at different ates of discharge, but ultimately, 
CA28 shows the highest retention at the highest rates. The ability of CA28 to provide the 
67 
highest capacitance, highest frequency response, and highest retention of energy storage 
capability at high current densities, shows some of the most promising results for 
applications requiring both high energy density and high power, such as hybrid electric 
vehicles and intermittent energy source storage applications (such as the ones necessary 
for solar and wind applications). 
























 Maxsorb, commercial carbon
 
Figure 3.16. Ragone plot comparing the investigated samples and a commercial activated 
carbon (134). 
Figure 3.16 is a Ragone plot. This plot is constructed by calculating the energy 
density and power density at various discharge rates. It is typical to see a great reduction 
in the energy density of an electrochemical capacitor as the power density is increased 
(by discharging faster), but it appears that in this case a superb resistance to such decay 
has been attained. In addition, when comparing to acommercially available activated 
carbon (135) the power and energy performances are hown to be very competitive. 
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3.3.3 Cyclic Voltammetry 
CV was performed on the two-electrode cell configuration at various potential 
ranges and with various sweep rates. Potential ranges from -2 to +2 V, -2.3 to +2.3 V, -
2.5 to +2.5 V, -2.7 to +2.7 V at 100 mV/s sweep rates were measured. The associated 
graphs are shown in figure 3.17-3.28 with the Y-axis being the normalized current 
(I/dv/dt) and specific capacitance. Table 3.3 provides the values calculated from equation 
1.10 for the average gravimetric capacitance for each cycle. The tabulated data shows 
that capacitance is not independent of potential and that with increasing potential 
windows there is an increase in capacitance. 
 

























 -2 to +2 100 mV/s
 -2.3 to +2.3 100 mV/s
 -2.5 to +2.5 100 mV/s
 -2.7 to +2.7 100 mV/s
 
Figure 3.17. CV of CA28 at various potential ranges at 100 mV/s. 
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 -2 to +2 100mV/s
 -2.3 to +2.3 100mV/s
 -2.5 to +2.5 100mV/s
 -2.7 to +2.7 100mV/s
 
Figure 3.18. CV of CA28 at various potential ranges at 100 mV/s. 
 
































 -2 to +2 100 mV/s
 -2.3 to +2.3 100 mV/s
 -2.5 to +2.5 100 mV/s
 -2.7 to +2.7 100 mV/s
 
Figure 3.19. CV of CA29 at various potential ranges at 100 mV/s. 
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 -2V to +2V 100 mV/s
 -2.3V to +2.3V 100 mV/s
 -2.5V to +2.5V 100 mV/s
 -2.7V to +2.7V 100 mV/s
 
Figure 3.20. CV of CA29 at various potential ranges at 100 mV/s. 
 






























 -2 to 2 100 mV/s
 -2.3 to 2.3 100 mV/s
 -2.5 to 2.5 100 mV/s
 -2.7 to 2.7 100 mV/s
 
Figure 3.21. CV of CA27 at various potential ranges at 100 mV/s. 
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 -2 to 2 100 mV/s
 -2.3 to 2.3 100 mV/s
 -2.5 to 2.5 100 mV/s
 -2.7 to 2.7 100 mV/s
 
Figure 3.22. CV of CA27 at various potential ranges at 100 mV/s. 
Table 3.3. Gravimetric capacitance as calculated from CV at 100 mV/s. 
Sample -2 to +2 V -2.3 to +2.3 V -2.5 to +2.5 V -2.7 to +2.7 V 
CA28 120.11 F/g 125.68 F/g 129.60 F/g 130.14 F/g 
CA29 101.09 F/g 104.90 F/g 109.34 F/g 111.00 F/g 
CA27 120.92 F/g 113.79 F/g 128.05 F/g 129.69 F/g 
 
Cyclic voltammograms were also taken in the potential range of -2 to +2 V at 
sweep rates of 1, 10, and 100 mV/s. Figures 3.23-3.8 are the resulting voltammograms 
and table 3.4 has the tabulated values of the calculated average gravimetric capacitance 
from this data. 
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Voltage (V)  
Figure 3.23. CV of CA28 from -2 to +2 V at multiple sweep rates. 
 

































































Figure 3.25. CV of CA29 from -2 to +2 V at multiple sweep rates. 
 






















































Figure 3.27. CV of CA27 from -2 to +2 V at multiple sweep rates. 
 


































Table 3.4. Gravimetric capacitance as calculated from cyclic voltammetry at various 
sweep rates between -2 to +2 V. 
Sample 1 mV/s 10 mV/s 100 mV/s 
CA28 158.62 F/g 141.43 F/g 120.11 F/g 
CA29 141.29 F/g 130.94 F/g 101.09 F/g 
CA27 150.80 F/g 134.29 F/g 121.07 F/g 
 
The gravimetric capacitance found from the cyclic voltammograms follows a 
decreasing trend with increasing sweep rate, as commonly observed (11). The reason for 
this apparent loss in capacitance stems from the inabil ty of the ions to move through the 
pores at fast enough rates to form the equilibrium double layer on all the available carbon 
surface area. The insufficiently fast ionic transport also distorts the shape of the CV 
curves. In addition, several voltammograms showed a distinctive slope particularly at the 
lowest sweep rate. This slope may result from a small leakage current. The summary of 
the specific capacitance data presented in Table 3.4 confirms the previously measured 
trends and shows the highest specific capacitance i CA28 and the smallest in CA29 








CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE 
WORK 
4.1 Conclusions 
Electrochemical characterization of ordered mesoporus SiC CDC was performed 
via the two-electrode method in the form of an electrochemical capacitor cell and 
included the EIS, CV, and C-D techniques. The mesoporous SiC CDC samples were 
synthesized by the chlorination of a mesoporous SiC precursor produced via a 
polycarbonsilane impregnated SBA-15 ordered mesoporous silica template.  
The conclusions that can be derived from the conducte  studies are outlined 
below: 
• The ordered mesoporous channels in SiC CDC serve as ion-highways and 
allow for very fast ionic transport into the bulk of the CDC particles, leading to an 
excellent frequency response and outstanding capacity retention at high current densities  
• The ordered mesopores in SiC allowed for a greatly increased SSA and  
specific capacitance of SiC CDC, nearly doubling the previously reported values (123) 
• The ordered mesoporous SiC CDC demonstrated extremely high potential 
for the fabrication of EDLCs with high energy and power density, reaching 51 kW/kg 
and 92 Wh/kg of energy density and power density in organic electrolyte, respectively 
• The most attractive performance characteristics were achieved by the SiC 
CDC produced at the lowest chlorination temperature of 700 °C 
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4.2 Future Work 
It might be interesting to produce and evaluate the performance of SiC CDC 
produced at a chlorination temperature lower than 700 °C. Investigations using variation 
of the wall thickness (seeing as it may have varied amongst all three samples) may 
provide interesting insight on the contribution of the wall thickness on ion transport. Not 
many studies have been done on thermal issues and efficiency and their possible effects 
on the microstructure and electrochemical properties, which might transpire, especially at 
high current densities. Another interesting investigation could entail examination of the 
effect of electrode thickness. It is possible that due to the varying pore structures in 
different CDCs, the ability to use thicker electrodes may become more feasible with 
different pore structures, for example the utilization of mesopores may facilitate the use 
of thicker electrodes due to increased transport rates. In order to further the understanding 
of why CA28 has the best performance characteristics and CA29 the worst it might be 
necessary to perform full chemical analysis of the samples and expand the structural and 
pore size analysis of the SiC CDC, including high resolution transmission electron 
microscopy (TEM), TEM tomography, and sorption measurements using gases of 
different dimensions. It might also be important to compare the EDLC characteristics of 
these materials in different organic electrolytes (having different sizes of solvation shells, 
ions and solvation energies), aqueous electrolytes, and ionic liquids. 
Once more information is gathered and the effects of the CDC structure and 
porosity on EDLC performance are more clearly understood, it is possible that through 
manipulation of the microstructure, pore size and properties of SiC precursor and 
chlorination temperature further breakthroughs in performance can be obtained. 
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